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NORMAL MA’ITER STORAGE OF ANTIPROTONS

Laurence J. Campbell
Theoretical Division, MS !3262

Los Alamcs National Laboratory
Los Alamos, NM 87545

ABSTRACT

Various simple issues connected with the possible storage of P in relative

proximity to normal matter are discussed, Although equilibrium storage looks ta be

impossible, condensed matter systems are sufficiently rich and controllable that

nonequilibrium storage is well worth pursuing, Experiments to elucidate the p

interactions with normal matter are suggested.

INTRODUCTION

A1though it is technically possible, the confinement of P as a unneutralized

plasma in electromagnetic traps makes no sense for energy storage because the

energy density of the required magnetic field is equal to or greater than the rest

mass energy density of the conf~ned ~, This is called the Brillouin limit. I (Of course,

such storage of p for other purposes, as discussed elsewhere in this workshop, makes

a grest deal of sense. ) Therefore, energy storage must be achieved by neutralizing

the P chargr sither directly with e+ (anti hydrogen formation) or indirectly in

condensed matter, Ihth methods confront challenging scientific questions of

intrinsic interest. (S~e the papers by J. B. A. Mitchell and W. C. Stwnlley for

antihydrogen formation. )
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BENEFITS

A. Space charge screening (dense storage)

The density of unneutralized P that can be stored in macroscopic

electromagnetic traps is ultimately limited by space charge, which must be confined

by a magnetic field. A p density of only 2.51013 cm-a will create a pressure of 100

atmospheres at the surface of a spherical volume 1 cm in radius. Of course, adding

positrons to create charge neutrality would be a solution, but, in principle, a deficit of

electrons in condensed matter would achieve the same thing, so long as the integrity

of the normal matter structure was not affected. Removing only one electron per 100

atoms would be enough @ neutralize a P storage density of about 10ZZ cm-a in normal

matter.

B. Low energy

.41though any efilcient p production process now imagi ned produces the product

at very high kinetic energies, this is an impractical state for storing 10ZZ P at any

density, and especially so at high density. Even at the modest energy of 10 keV the

kinetic ene~gy of 1022 P is equivalent to a gram o!’matter moving at ~ velocity of 17!3

kmhec, about 16 times the escape velocity from earth. Should the end use of the P

require kinetic energies higher than thermal it is a relatively simple matter to

accelerate them compared to deaccelerating them, for which a well-defined beam

requires the controlled compression of phmw space. Condensed matter storage of ~

would be intrinsically low energy storage as wou!d be condensed anti-hydrogen, an

attractive alternative.

c. Robustness (vacuum requiremen~)

Without a specific mechanism in mind it is impossible to predict how robust

condensed matter storage would be with all the atter]dant equipment, Ilowevt!rv

experience htis shown that the condensed mntter version of devices, from V1.Sl (:hips
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to IR detectors, exhibit high reliability. Paradoxically. condensed matter storage

would eliminate the requirement for ultra high vacuum since the migration of

impurities through a solid is easier to control than their migration through empty

space. This is particularly importunt for low-energy p storage for which the vacuum

requirements become severe because of the increased cross section for annihilation.

KNOWN LIMITS TO STABILITY

A. Lieb’s theorems

Are there any fundamental reasons why no possible combination of matter and

antimatter can be stable, i.e.. stable intrinsically and in eq~ilibrium? The answer,

unfortunately. is yes, and is provided by Elliott Lieb’s theorems on the stability of

normal matter.z Lieb ploves that atoms are stable because of the uncertainty

principle. that bulk matter is stable because of the Pauli principle for fermions

(which leads to a stronger uncertainty principle]. and that thermodynamics is

possible becalise of screening (which permits charge neutrality in bulk matter).

These theorems apply with equal force, of course, to antimatter, so thet is stable. too.

However, combinations of matter and antimatter necessarily involve an interface

where there is no Pa~li principle between the electrons and positrons and, hence, no

stability.

There are two ways around Lieb’s theorems. One way is to note that the role of

the Peuli principle was crucial only for the Ieptonic component of matter. not the

hadronic. (Solids containing only nuclei having integral spin (bosons) are qui~

stable. ) The fact that protons acd neutrons are fermions may be relevant to the

stability of neutron stars, but not to ordinary matter. Therefore. the theorems do not

strictly address the problem of P stability in normal matter The other escape is w

accept the impossibility of equilibrium stability but work for either nonequilibrium
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stability in steady state (the basis of p storage rings) or a long decay time (the basis

of some electromagnetic traps).

B. Intrinsic attraction through induced polarization

If p without e + avoid Lieb’s objections, what is the problem? The problem is

not only that Earnshaw’s theorem3 prohibits trapping in a static electric field but

that a p induces attractive electric dipole forces in all neutral, equilibrium matter.

Therefore, a therrnalized p will be attracted to the nearest positive ion in a solid, or to

a neutral atomic site, where it will become captured in an atomic orbit and then

cascade down the atomic energy levels until annihilation occurs with the nucleus.

c. The question of feasibility

In view of these daunting obstacles what hope can there be for P storage in

condensed matter? Without its technological importance, shared with H

condensation, as the ultimate means for energy storage, the problem would be

dismissed as too difficult. However, until it can be proven impossible, with the rigor

of Lieb’s theorems or the second law of thermodynamics, it must be assumed possible

because of the astonishing variety of complex and subtile effects that condensed

matter continues to reveal. Once a P reaches thermal energies its behavior can be

dominated by these electromagnetic effects as long as it remains outside the vicinity

of nuclei. From another viewpoint, every mole of condensed matter contains lo~A

force-free positions for p -- unstable, though, in one or more directions, 7’()

dynamically stabilize a small fraction of these is “all” that is needed,

lXIWN-SCA1.iNG MACROSCOPIC TRAPS

A. Penning t,mps to microfnbricntion to Stark saddles

Can prov{n macroscopic traps be sctiled down to microscopic si2c’/ ‘1’ht’

reduction in sitie mny be mrricd quite f~ir, although true ntomic nnnlt)~s nrc l~ot yet

kn<}w~~,



Consider a standard Penning trap with electrodes aiang equiptitentlai llnes of

the electric pctential~

-. 1
.q = .41s=+ -,-- 2:- I

in an uniform magnetic field H the z direction. If z,, and x: + y: = rfi: are the

locations of the electrodes then A is related m the applied voltage V by

“The three characteristic frequencies

= ~6~,H .w.%

There will be a maximum number [ofcharges the trap can hold. For simplicity. take

this number N m be that which would cancel a fixed fracuon fof the applied fieid at

ag when all charges are at the center of the trap.

The effective chprge density p 1s then

Consider how this density scales with wze The voltags V must not produce an

electric field strength above t-he value fcr d.eiectric or vecuum breakdown. so the

9ca11ng of 1’ will be taken as

v-=Ez_s_m,_,

where l% IS a [safe) constant Tak~ng the ratio zrtir~ m be canstant It lS seen that p

wales as 1 ~-i. whic$ :mplles smaller Is better Amuming cc nstant H. the frequencies
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One limit ta smaller traps is the lower critical field for stability.

~ r, \-

}I_=c -
.—-:,_,

This is equivalent m requiring Um s tiZ \ 8 if r~ = \-2 ZQ. Ciearly. HC scales as

1 \ ZQ.SCJ&e maximum attainable magnetic field will set a lower Ilmit m-i the trap

size. and an upper iimit cm the dsnsity. If EO = lM volts~cm and HC = 1U6 gauss

(thanks m the new superc~nductm-s]. then

= i? C l~~~cr, -j
,5.

-a

This ia In the relm of microfabricaticm, but not quite quantum mechanics. Note that

the space charge in each mail trap can be neutralized, so there is no build-up of

charge as the number of traps is increased. If the m.al vo!urne of a small trap ]s five

times its swage wlume and f = u 2. then a cubic meter of these would contain

10IU~. [The Brlllouin limit corresponds w f = 1 I The required voltage wo~ld be a

very modest 2v

Although mlnlaturized, these traps are still clasaical and there~ore require a

high vacuum and a high. externally imposed magnetic field whose energy density Is

comparable rm tie rest energy of the trapped ~.

Quantum mechanics do-s cncar fm further nuniturization. where En atom:.

analog 10 the Penning trap CXISUJ.as pmnted out b~ Charles C“l&rk. et al ~ The s,:,-

called Stark sadcll.s IS the farce-rree l~>c’,uan iii LIcharge su!qect to both an externiil
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eiectrlc field and t!!e electric field or an Ion. This position is unstable only in the

dlrecuon wward [m away] from ion. Appl}lng a magnetic field perpendicular m the

uns~ble direction leads tiI closed. classical ~rbits for tie charge”s moticr, around the

saddle pmnt. L?’n!ike the Penning trap. in which a magnetic field H perpendicular w

a plane with E field instabihty resulm in smbility. the Stark saddle trap has H

perpendicular w a plene with an E field saddle. and the result is metastabllity That

is, the classical orb;*s are unstable to small perturbations and correspond LO

resonances rather than true bound states. For an external field of 5 kV’cm the Stark

saddle lies over 600 ~- from the ion. so this a phenomenon fm gases. not xdids.

B. Stirage ring ta channel ring

The other common macroscopic storage medium for p is the storage ring. In

principle. it, mo. can be down-sized. and this important subject is covered by

D. Cline.~ Go]ng m even smaller scales, is there an ammic analog? An obvious one

would be channehng in a crystal, which would demand some unusual fabrication m

make a closed path. It is also possible m ima~ne [but undoubtedly more difficult m

realize] channeling in a straight path with perfect reflection at each end. If Iosalesa

channeling occurs for only certa]n ranges of p energy the reflection region would

h~ve to be wilored w-lth a varying impedance w minlmlze turning-point losses.

Although no p channeling experiments have been done, n- channeling has been

observed in the curious configurauon of a helical spiral around lines of a-mms.’

CONDENSED M.AITERTFLIPS

A Generic leakage

Whatever the mechan]srn fr.r achlevlng p traps there will be a relationship

between the size and depth of the trap and the leakage rate rto neighborly, g nuclel

where annlhliauon wlil m-cur This relahontihlp IS Illustrated here wlLh a simple

rnc~e 1

7



Let the Tap be an equivalent three-dimensitinal square weil d depth -1’,0 and

radius rn. Bound s-~tes of energ-{ - C1’o will eust If

g - ‘,,wq h > m2

where m is the p mass. The wavefunction of the lowest bound state [s wave] WI1l

extend outalde the well leading KJa probability density

Irz
.4; ~;, ,,m%d-:.-a==,-l

lqlr112 = —

r_

for r z r~, where A is a normahzatio; constant and u = %’= g.

This probability density will extend to the nearest nucleus and give an

annihilation decay rate. To estimate the distance rd at which the decay raw is 1 per

year assume for simplicity that the proum at r does not change IIy I~. i.e.. the Born

approximation. and compare the density lyl~ with the 1s state density at the origin

of protnniura lwlnl~)lz. which has a decay rate~ of 5.101E S-l That is, solve the

following equation fer rd:

-J
l~-!rdll-: -la= ,.-=l*i#ll~5-lu

The results for rd corresponding to various well strengths are shown in the Lab]e

below where a trap of radius r~ = 10-~ cm is assumed

g V@evl ~rnln r~.10-~ cm r.-lo-a cm

n .81 ~.458 8.9 9.5

3/2n 1.82 0.704 5.3 5.6

~n 7.3 0.909 2.9 3.0
r

1o11 80.8 0.591 15 1.6

The table shows that a ~hy~icaliy reasonable trap could hold ? for a year within a ~ew

Angstroms of normal matter. although there is the obvious trade-off between

shallow traps [easier UIachieve) and larger s~acings [harder to achieve)
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Actual annihilations w !1 mmt iikely proceed through the capture fif a ~ In an

atomic state rather than by cilrect annihilatmn. Tfi estimate the critical radius r. fbr

an ammic capture of 1 per year. set the particle flux Isaving the well equal ta Iqnrllz

umes km. where k E the wavenumber of the ~ in the atomic potential. k =

~~~,fi, ~E = me~ ~fi~ [energy of lowest pp mate). This flux multiplied by the

prcmnium area 2nafiz = 2n[21i~’me~)~ @ves the approximate rate of capture Ia

quantum mechanical engineering estimate!). That M. solve the following equation

for ra,

-,
lwl~ 11-fi~l.n ~na~ = 10-EG

which has the same form as the previous equation used to find the critical radius rd

for direct pp annihilation. Numerically. atomic capture is Ii) times more likely.

which results In slightly larger ra as shown in the previous table.

Electrons will not be trapped in these wells unless v’- g > n “2. i.e., g >

21.4 n. much larger than considered above. Even then the traps could not be

‘poisoned”” by electron filling because the heavier particle always wins the

competition for the same trap, otherwise the stablli cy of P in normal matter would be

easier to achieve Likewise, muons can not be trapped until g > i.5n which is

reasonably clGae to optimum trap depths for p. Therefore, p- would be a relatively

cheap substitute for p when testing trap concepts.

3. Polarons

A polaron is a charged particle in a crystal with the accompanying lattice

distortions it induces.~ In the extensive literature cm polarons the particle is usually

an electron. but, in principle. it could be an intem.itial proton or P. The heavier the

particle the more dense the phonon cloud alcmnd it. and it is known that protans can

even be trapped. By itself, the observed phenomenon of proton trapping does nc~t

prove that p trapping will llkewise occur. but it 19 a promising entre~ for theorls~

Into the behavior of P In alkall hallde crystal~. “The polaron phenomenon 1=
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responsible for the effective attraction between electron= that i~ads w

superconductivity. which demonstrates Its capablhty for non-trivial etffecta.

~. Excitans

Excitms are electron-like hound statesY and are of interest m the p ~y~t~m

because they are the quantum unit of the polarization field. and it is precisely on

questions of Induced polarization that the P storage problem hangs. If excitons were

large objects spread over many lattice spacings their relevance would be mmimai-

but, in fact. thy may Gccur locaiized on one atom. Again. as with polarons. the

excimn is a concept with a rich literature of special relevance to theoretical studies of

p trapping concerned with nonlinear polarization or screening of the p charge by

hews.

SPECLAL EFFECTS

The following mechanisms are examples of new discoveries and ideas that

could lead m a breakthrough in the P stmage problem.

A. Suppressed barrier penetration

In a study of quantum mechanical tunne!ing Michael Nieto. et al.. lo have

found that a wave function in a higher-energy well will not necessarily tunnel t- a

lower-energy well. even in an arbitrarily long time, If there is not dismpaticm cm

coupling m other modes. The probability of quantum tunneling is a critical function

of the shape of the barrier potential. not just its average height. Tempmal

modulation of the barrier would seem to be another promi~ing means m control

tunneling rates.

B. Quenched decay

E. J. Rabinsonl 1 has shown that the well-known exponential decay rate Gf

unstable states can lx changed substantially. and even approach zero. if the produc L

~f the decay helongsta a continuum that is ltselfunstable.
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c. Self-trapping

~T~ing a rn~e] re]evan~ LZI the quantum diffusion of mufins and priotcms inside

metals and at surfaces. F. Gu]nea. et al..l~ discovered a tranatiim fmm ?iiffusi~re

dynamics to a self-trapped state at a mltical value of coupling w the environment

This trapping Is not related m the self-trapping of polarons mentioned above

D Dynarmc localizaticm

D. Dunlap. et al.. ]3 calculawd the quantum meclianlcal motion d a charged

particle in a Iatuce under the action of ume-dependent electric fields and f~und a

new phenomenon whereby the moving particle became localized within one lattice

spacing. Since this hmalizauon occum exactly ~t a lattice site. it i~ not directly

applicable to P, which need w avoid lattice sites. Ne.:ertheless, the concept of

dynamic Iocalizauon. or creatinti effective traps by parametric rn-~ulaticm. seems a

promising mechani- to apply ta energy saddle points of ~ in normal matta.

E. Two-level systems

The properties of the twu-level quantum system have been recent~y studied by

many peopie (see the :eview by A. J. Leggett. et al l~J and msny exact results a-e

known about the tunneling of a particle between two wells in a dissipative

environment. The condluons for the partic!e being locallzed in one well, decaying. or

oscillating between the wells have been delineated In det.ml.

Experiment% WITH ~ IN CONDENSED hWIT’ER

The easy avallablhty of low-energy p will be a smong impetus to p~rri.irm

experiments in condensed reamer. Although most of these wll I not be intended ti~

tat proposed st.arage mechanisms. the experience gained wII1 build. nevertheless. an

Invaluable technlral base for the critical ev~luation of storage feaslblllty-

Predictlons of the benefits of condensed matter experln,ent~ have conslswnt!y

mlwed Lhe ITIOSLw.~riderfu! discoveries. a recent exnmp]e being the high t@rnpvr.lLlire
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superconducmrs. so the best strateb~ is m encourage experimentation. The role im

theory should be m suggest and interpret. not m prosmbe.

A. Ammic d.cay and strong interacuon~

The x-rays emitted as a P cascades down tie atomic mates when it is captured

by a nucleus are recognized as a powerful diagnostic for studying the pp and p Ii

interactions at low energies.lf The effect of tie strong interacuon shows up as a

reduction in the intensity cif the last observable transition and as a shift (of order 1.

keVl in the low iylng atomic states. !~- l.~ There IS also a hyperfine splitt]ng between

singlet and triplet s-states [of order 14 keV) due w the spin-dependent pN

interacuon. ~~ ~1 X-rays from np - 1s and nd ~ 2p transitions of protcmlum have

been seen lfi and they confirm predictions of strong interacuori ATecw Other groups

huve seen strong interacticm effects in PN.1~ 1~ Also. the prefereritlal capture and

different atomic cascades of the various negauve particles. n -. K-. S -. and p

reveal much about low energy cross sections and metafiwble states ~~ 23 If the

atomic deexcitauon ener~y Is resonant with an appropriate nuclear E2 exc]tauon It

IS also Posmble for radlationleas transitions to occur !the amm deexcites by eXCILII’Ig

the nucleus) ~~ ~b This can provide otherwist inaccesmble information about the

nuclear potential

B Channeling

LJnlike the case with p + there IS little known about p- channeling.~~ ~T which

would jpvc useful information ~bout the prospects with ~ The mason for this IS the

lack of a p– beam or a p– source within the solld The obvious source. a n– . Is

capwred by a nucleus (as a P would be, normally). However. channeling UF ri –

themselves has been observed and the paths appear to be he!lcal splrnls. fis

menuoned above.’ The fact that n– can channel is most Inwresung because IL IS

dmng m In H Iatuce ~f nbeorbem rather Lhan repellers. and therefore falls ou~lde Lhc

usual analysls~jf{-hannellng ~@
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C. Potpourri

Because condensed matter Is so complicated, many Qf che sclen Ll~ic

breakthroughs arise from unexpected cxperimentd resul~ rather then cheureLical

dismverles. Therefore. as lcw -temperature P became cheaper LheJ_undoubtedly wuii

be Inserted in varims materials if only “to see what happens.”” Some of the mat.eriais

that have been suggeswd are discussed below.

1 Superfluid ~He

Superfluid ~He is one of the mom ~tudied and best understand i~f ccmdensed

matter systems The atoms are the most quiescent of all, with about 10’% of them

being in a Bose condensate having str]ctly zero momentum ‘The atoms also have the

highest lomzaucm ~~nual, 246 eV. and are cmrelated into a macroscopic quantum

state from the sze of che conta]ner to an Interatomic spacing.

What would p dc In such an exotic material’? It has been suggested they might

form “’bubbles’. or self-[:cmt.mning cavlues in the liquld. as other impurities do. such

as electrons~~ and even posltronium. z~ Bubble formation. however. does nut seem

I]kely because [11 ther,- is no help from the Pauli principle [aa with electrons] In

pushing away the electron denwties ~f nearby heilum atams and (21 the larger F

mass reduces the ~ ]ocalizatlon enelgy iz-erG-pmnt mouon) ta a sca]e comparable with

the in~rawmic spacing Perhaps there wi 11be a barrier m ; l,tomic capture because

the Intermediate stite invoives a free electron which must form n bubble. which

ciosc.a 1.3 eVq Alas. there acems no reason to exclude He- m un intermediate st.a~.

for which there IS no significant barrier Impurltles are also attracted h, Lhe cores ui

quantized vortex Ilnes. but there la no obvious advanmge for p stahlllty at such n

kocation Nevertheless. It wIII be Interesting ta see what happen to ~ in

superfluid ~}fe

Another interesting facet o f ~}~e hehavl~jr ls ,ts ~urface. whl(-~ ,.

micrlmcf, plcnlly ~mt]~,[h udy.lns n vticuum .,[nrk]trfiry ..htird,]ess”’ il~ su!Tclctl~!Y ,I,w



temperature. and can support sheets uf ~~r[a~e ~har~e c,n e,cher side. ~l ~~ In

partlc~lar. electrons on the vapor ~id~ can be held against che hel]um surface by

appiylng an electrlc field: they da not penetrate the surface because of the relatively

high energy required ta make Lhe bubble state menticned earner Becau=e this

electronic surface charge density ca.1 be substantial and can be e>.cic~d in various

plasma modes. the pimsib]lity exists d finding electron-~ states that are bound m che

surface but have negligible p density at the surface. In effec[, che p would be trapped

between che external electric fieid and the electronic surface charge. which In turn is

repelled from the surface by the Pauli principle One could also Introduce other

charged spec:es of heavier masa. such as H- or D– As mentioned in Lhe general

remarks abcwe, such trapping would have to occur In an excited St te

Even quite mnall or dilute trapped surface states would be Interesting as

fiisslble nucleatlcm slt.es for cluster icm fjnnatlon, for which the problem is m find a

coupiing [m normal matter] that can carry &way the condensat]un energy. [See the

paper In these proceedings by “w C Stwalley J

-3-. Degenerate llquld ~He

Thl~ is mentioned more to Illustrate a general approach to trapping -- prohlblt

the fmnat]m ~f Intermad ate scams necessary for decay -- than co suggest It wlil

work in t.hls speclqc instance AL low- temperature. me 3He atam~ are In Lhe ground

maw of a Fermi ilquld, which means that all momentum states iess than tie Fermi

momentum. k~ * G 3 A- I ure filled To the extent that Intermediate states ~f the P

decay process reaulre the scattering of ~He atoms Inca states wllh k < k, Lhe decn:y

will be suppwwed. ‘The problem Is Lhat P IS a il:~allzed perturbation. and i~ wjfild

seem tm have no difficulty in confining Its lntoracu~ng M wavelengths A < 211 k,

3. Superc~nduc~lra

hlan~ nf the fentu. es ofqunntum cfiherence apply L..f both supercnndu.-bjrs ilnd

~uperflulds , ,-. - n superg-{]ndul-[~~r 14 licIILrtllFlli~IS iI . hlirg~ij SIup,erfllllit Ill SII L(

Id



backgrciund Eiectric and magnetic fieids are shielded quite e~fect~veiy In

superconducmrs over distances comparable m the per~etrauon depth. a length scale

present only in charged superfluid and t:;pically having a magnitude l~f many

iattite spacings. Thus. one cannot expect known superconductors w shield and

w-abliize n p in any ubvious way- m an ammic scale. but what will happen l= nat ciear

either mnce the orlglxl of the effective electron aztractl~n, which gives rise to

supei-conductivity. is a sub Lle and delicate interplay cif electronic and Iattlce

propertle both of which are disturbed by a p A best guess now is that the influence

of a p impurity wi]] be too Ificai m probe superconductivity. aithcmgh IL cGuld give

information on other ele. tronic structure

4 Semlconductom

A p is attracted w posiuve charge If there were an effective source ~f po~ltive

charge. other than protons, one could expect p trapping In many respec~. especially

lnvGlving dynamlcsi and transport. the absence of electrons is equivalent m pcmtive

charge. This ‘“pomtive.. charge can be either delocalized as holes in a conductlGn

band or iocai]zed at ionic iatuce vacancies and cermn crystal Imperfectluns. Of

course. such pseudo p051Ll Ve charge cannot violate the laws ~f electrostaucs. and lhe

earlier remarks on the absence ~fground state stability SUII hold Nevertheless. the

existence of Irocal]zed exclwm states of the P-hole system seem possible. In principle.

and the model could se~e as a frmtful paradigm

1
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